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dispersal	 distances.	 In	 species	with	 xerochastic	 peristomes,	 the	 release	 of	 spores	
under	decreasing	RH	can	be	interpreted	as	an	adaptive	mechanism	to	disperse	spores	
under	optimal	conditions	for	long‐distance	wind	dispersal.	In	species	with	hygrochas‐
tic	 peristomes,	 conversely,	 the	 release	of	 spores	under	wet	 conditions,	which	de‐
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1  | INTRODUC TION
Dispersal	 is	 a	 fundamental	 biological	 process.	 Information	 on	 dis‐
persal	 is	 important	 for	 interpreting	 species	 distribution	 patterns	
and	predicting	future	dynamics	and	persistence	(Travis	et	al.,	2013).	
Understanding	 under	 which	 climatic	 conditions	 diaspores	 are	 re‐








Sundberg,	 &	 Hylander,	 2016;	 Kuparinen,	 2006).	 In	 particular,	 the	
mode	and	tempo	of	diaspore	release	in	wind‐dispersed	species	are	
largely	 unknown.	 Dispersal	 models	 therefore	 often	 assume	 ran‐
dom	diaspore	release	in	relation	to	environmental	conditions,	such	
as	 wind	 speed	 and	 humidity	 (Kuparinen,	 Markkanen,	 Riikonen,	 &	
Vesala,	2007;	Tackenberg,	2003).	For	many	species,	however,	this	as‐
sumption	is	not	true	(Borger,	Renton,	Riethmuller,	&	Hashem,	2012;	












if	 diaspore	 germination	 under	 favorable	 conditions	 is	 a	 stronger	






In	 bryophytes,	 spore	 release	 is	 enhanced	 by	 the	 hygroscopic	
movements	 (in	 response	 to	moisture)	 of	 elaters	 or	 pseudo‐elaters	
in	 liverworts	and	hornworts,	 respectively,	and	of	 the	peristome	 in	
mosses.	The	peristome,	a	unique	attribute	of	mosses	that	is	present	
in	most	 species,	 consists	 of	 one	 or	 two	 concentric	 rings	 of	 teeth,	
which	 are	 exposed	 following	 the	 loss	 of	 the	 operculum	 (Goffinet,	





ment	 along	 the	 columns	 results	 in	 the	 tooth	 bending	 toward	 that	
side,	 allowing	 for	 hygroscopic	movements	 in	 response	 to	 changes	





Moss	 peristomes	 can	 be	 classified	 into	 two	 main	 categories,	
namely	 “perfect”	 and	 “specialized”	 peristomes.	 The	 teeth	 of	 spe‐
cialized	peristomes	are	narrower,	have	a	thinner	inner	layer,	and	are	
often	shorter	than	in	perfect	peristomes.	The	ornamentation	of	the	





typically	 characterize	 epiphyte	 species,	 are	 adaptive	 (Huttunen	 et	
al.,	2012;	Olsson	et	al.,	2009).
Perfect	 peristomes	 open‐up	 upon	 drying	 and	 close‐up	 under	













called	 “hygrochastic”	 (Pais,	 1964,	 1967	 ;	 Steinbrinck,	 1897).	 It	 has	
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been	 hypothesized	 that	 peristomial	 reduction	 would	 be	 an	 adap‐
tation	 to	 hygrochasy	 (Medina	&	 Estébanez,	 2014),	 favoring	 short‐
distance	 dispersal	 (Hedenäs,	 2012;	 Vitt,	 1981)	 and	 representing	
a	 safe‐site	 strategy	 in	 species	 from	 patchy	 and	 dynamic	 habitats	
(Medina	&	Estébanez,	2014).	However,	there	is	no	systematic	eval‐












tween	 species	with	 specialized	 than	 those	 that	 have	perfect	 peri‐
stomes	(H2).
2  | MATERIAL AND METHODS
We	 selected	 nine	 (Brachytheciastrum velutinum, Brachythecium ru-
tabulum, Herzogiella seligeri, Amblystegium serpens, Drepanocladus 
polygamus, Rhytidiadelphus loreus, Hookeria lucens, Thamnobryum alo-
pecurum, and Plagiothecium undulatum)	and	seven	(Anomodon viticu-
losus, Homalothecium sericeum, Leucodon sciuroides, Neckera pennata, 
Pylaisia polyantha, Orthothecium rufescens, and Pseudoamblystegium 
subtile)	 pleurocarpous	 mosses	 with	 perfect	 and	 specialized	 peri‐


















Stockholm.	Humidity	was	 regulated	 in	 the	 chamber	with	 a	Beurer	
LB12	 ultrasonic	 humidifier	 (Beurer,	 Ulm,	 Germany)	 and	 recorded	












not	 implement	 here	 a	 range	 of	 fixed,	 stable	 RH	 conditions	 using,	
for	 instance,	sulfuric	acid	solution	at	different	concentrations	(e.g.,	
Species Family Peristome type Peristome movement
Amblystegium serpens Amblystegiaceae Perfect Xerochastic
Drepanocladus polygamus Amblystegiaceae Perfect Xerochastic
Pseudoamblystegium subtile Amblystegiaceae Specialized Xerochastic
Anomodon viticulosus Anomodontaceae Specialized Hygrochastic
Brachythecium rutabulum Brachytheciaceae Perfect Xerochastic
Brachythecium velutinum Brachytheciaceae Perfect Xerochastic
Homalothecium sericeum Brachytheciaceae Specialized Hygrochastic
Hookeria lucens Hookeriaceae Perfect Xerochastic
Rhytidiadelphus loreus Hylocomiaceae Perfect Xerochastic
Pylaisia polyantha Hypnaceae Specialized Hygrochastic
Leucodon sciuroides Leucodontaceae Specialized Hygrochastic
Neckera pennata Neckeraceae Specialized Hygrochastic
Thamnobryum alopecurum Neckeraceae Perfect Xerochastic
Herzogiella seligeri Plagiotheciaceae Perfect Xerochastic
Orthothecium rufescens Plagiotheciaceae Specialized Intermediate
Plagiothecium undulatum Plagiotheciaceae Perfect Xerochastic
TA B L E  1  Taxonomic	sampling,	
peristome	types,	and	observed	peristome	
movements






As	 a	 first	 step	 to	 the	 actual	 measurements,	 and	 because	 we	
used	herbarium	specimens	whose	peristomes	have	been	 immobile	




decrease	 in	RH	back	to	30%,	measuring	the	RH	 levels	 from	which	
peristome	 movements	 started	 in	 each	 case.	 The	 direction	 of	 the	




tic,	 hygrochastic,	 or	 “intermediate”	 (when	we	 observed	 peristome	
movements	 but	 could	 not	 determine	 the	 general	 direction	 of	 the	
movement,	see	below)	peristome	(H1).




after	 arcsine‐transformation	 in	 all	 but	 one	 case	 according	 to	 the	
Goldfeld–Quandt	 and	 Shapiro–Wilk	 tests,	 respectively.	 We	 first	
determined	 whether	 specimen	 age	 impacted	 on	 the	 response	 of	
the	peristomes	to	variations	 in	RH	by	computing,	 for	each	species	
upon	increasing	and	decreasing	RH,	successively,	the	correlation	co‐
efficient	 between	 the	RH,	 at	which	 the	movement	was	 observed,	
and	 specimen	 age.	An	 analysis	 of	 covariance	 (ANCOVA)	was	 then	
performed	 to	 determine,	 when	 RH	 humidity	 was	 increased	 and	
decreased	 separately,	 whether	 there	 were	 significant	 differences	
among	species	while	controlling	 for	 the	age	of	 the	specimen.	This	
analysis	 was	 followed	 by	 Tukey’s	 HSD	 grouping	 tests	 to	 identify	
groups	of	species	with	significantly	different	responses	to	RH	with	
the	R	package	“agricolae”	version	1.2.8	(de	Meniburu,	2017).	All	data	
were	 analyzed	 using	 R	 version	 3.4.3	 (R	 Development	 Core	 Team,	
2015).
3  | RESULTS









the	 hypothesized	 hygrochastic	 behavior	 with	 an	 opening	 of	 the	
peristome	under	 increasing	RH	and	a	closing	under	decreasing	RH	
(Figure	3).	Hygrochastic	peristomes	started	to	open‐up	from	about	




classified	as	 a	 clear	 closing	or	opening.	Consequently,	O. rufescens 
could	thus	not	be	classified	as	either	xerochastic	or	hygrochastic.
Significant	 correlation	 coefficients	 were	 observed	 between	
specimen	 age	 and	 the	 RH	 at	 which	 peristome	 movements	 were	
observed,	both	upon	increasing	and	decreasing	RH,	in	three	out	of	
the	16	 species	 investigated	 (Supporting	 Information	Figure	 S1).	 In	
D. polygamus,	the	closing	and	opening	of	the	xerochastic	peristome	
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occurred	at	lower	RH	in	recent	than	in	old	specimens	upon	increas‐







pared	 to	 species	with	 perfect	 peristomes	 (Figure	 3).	 Despite	 this,	
there	was	a	significant	difference	in	these	thresholds	among	species	
for	 both	 specialized	 and	 perfect	 peristomes	 (Figure	 3)	 while	 con‐
trolling	for	the	mostly	significant	effect	of	specimen	age,	although	
the	 significance	of	 the	 interaction	 between	 species	 and	 specimen	
age	potentially	blurred	the	signal	of	the	former	(Table	2).
4  | DISCUSSION
Although	 Johansson	 et	 al.	 (2016)	 did	 not	 find	 any	 significant	 dif‐




movements	 were	 observed,	 were	 found	 between	 old	 and	 recent	
specimens	in	three	out	of	the	16	investigated	species.	While	the	re‐
sponse	of	peristome	 teeth	 to	variation	of	RH	was	delayed	 for	 the	










In	 agreement	with	our	 primary	hypothesis	 (H1),	 perfect	 peri‐
stomes	 consistently	 exhibited	 a	 typical	 xerochastic	 behavior,	
whereas	 specialized	 peristomes	 were	 mostly	 hygrochastic.	 The	
only	exception	was	for	P. subtile,	wherein	the	exostome	teeth	are,	
however,	not	much	reduced	as	compared	to	the	other	investigated	
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In	 species	 with	 specialized	 peristomes,	 conversely,	 spores	 are	









epiphyte	 species	 composition	 is	more	 similar	 among	 trees	 located	
near	to	each	other	than	among	trees	distant	from	each	other	(Löbel,	


















In	agreement	with	our	second	hypothesis	 (H2),	 the	variation	 in	
peristome	movement	 was	 larger	 in	 the	 group	 of	 specialized	 peri‐
stomes,	 including	 one	 species	 with	 an	 “intermediate”	 behavior	
(O. rufescens)	and	one	species	with	a	xerochastic	behavior	(P. subtile).	
Despite	 that	 perfect	 peristomes	 exhibit	 lower	 interspecific	 differ‐
ences	than	specialized	ones,	which	vary	 in	their	degree	of	special‐
ization,	there	were,	however,	significant	interspecific	differences	in	








and	hygrochastic	 peristomes,	 respectively,	 is,	 however,	 suggestive	
of	the	existence	of	functional	constraints.	Understanding	the	mech‐
anisms	behind	such	differences,	discussed	by	Mueller	and	Neumann	
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df MS F p value
Xerochastic	peristomes
Increasing	RH
Collection	date 1 0.046 34.022 <0.001
Species 8 0.038 28.139 <0.001
Interaction	term 8 0.006 4.403 <0.001
Error 90 0.001
Decreasing	RH
Collection	date 1 >0.001 0.690 0.408
Species 8 0.005 19.132 <0.001




Collection	date 1 0.148 100.210 <0.001
Species 4 0.083 56.381 <0.001
Interaction	term 4 0.002 1.534 0.206
Error 52 0.001
Decreasing	RH
Collection	date 1 0.009 6.989 0.010
Species 4 0.118 88.584 <0.001
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